Formation of ry-mesic nuclei by {n,N) reaction and A^*(1535) in medium 
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We calculate formation spectra of r;-nucleus systems in {n,N) reactions with nuclear targets, 
which can be performed at existing and/or forthcoming facilities, including J-PARC, in order to 
investigate jy-nucleus interactions. Based on the A'^*(1535) dominance in the r]N system, 77-mesic 
nuclei are suitable systems for study of in-medium properties of the A''* (1535) baryon resonance, 
such as reduction of the mass difference of and A^* in nuclear medium, which affects level structure 
of the ri and N*-hole modes. We find that clear information on the in-medium A''*- and r;-nucleus 
interactions can be obtained through the formation spectra of the 77-mesic nuclei. We also discuss 
the experimental feasibilities by showing several spectra of (tt, N) reactions calculated with possible 
experimental settings. Coincident measurements of ttA'^ pairs from the A''* decays in nuclei help us 
to reduce backgrounds. 

PACS numbers: 21.85.-|-d, 21.65.Jk, 12.39.Fe, 14.20.Gk, 14.40.Aq, 25.80.Hp 



I. INTRODUCTION 

The study of meson- nucleus bound systems is one of 
the important subjects in nuclear physics. The detailed 
investigations of structure of bound states provide us 
quantitative information on hadron-nucleus interactions. 
So far, the structure of atomic states of pion, kaon, and 
p have been successfully observed and investigated com- 
prehensively both in theoretical and experimental points 
of view [l| . One of the remarkable developments in ex- 
perimental aspects is the establishment of (d,'^He) spec- 
troscopy for the formation of deeplybound pionic atoms 
with recoil free kinematics [1, H, 0, 0] . It opens new pos- 
sibilities of the formation of other hadron-nucleus bound 
systems d, 0,1 SIS- 

The bound states of the rj meson in nuclei were pre- 
dicted first by Haider and Liu After that many 
works were devoted to studies of the structure of the 
bound states, the formation reactions of n-mesic nuclei 
and in-mediurn properties of the 77 meson [a, 0, S [13, IHj 
m, [3, m, M, 113, 111, E, 0, im . Especially, the 77 meson 
in nuclear medium has been recently investigated in the 
aspect of chiral symmetry [1, 0, i, HI, 16, 17, il ^ . 
The 77-nucleus systems are purely governed by strong in- 
teractions in contrast to the atomic states of mesons with 
negative charge. Thus, the rj mesons in the bound states 
are largely overlapped with nuclei. In such compact sys- 
tems, large medium effects on the mesons inside nuclei 
are expected, and, at the same time, wide natural widths 
of the bound states due to absorptions of the mesons into 
the nucleus are inevitable, as seen deeply bound kaonic 
nuclei [12]. 

The first experimental search of the 77 bound states 
in nuclei [2^ was performed in {7r~^,p) reactions with 
several nuclear targets in finite momentum transfer to 
aim to observe narrow states as predicted in Ref. pd| . 
and the result turned out to be negative. Some hints 
of the 77 bound states were also observed as enhance- 
ment at the subthreshold of the 77 meson production in 



d(p,3He)77 and i8o(7r+,7r-)i*Ne [25^ reactions. Ob- 
servation of a 77 meson bound state in '^He was reported 
in photoproduction reactions [26,] , though in terp retation 
of these observations are still controversial [23|. It was 
suggested in Ref. [28*1 that coincident observation of t:N 
pairs from Af*(1535) helps to identify the formation of 77 
meson bound states. Other experiments have been also 
proposed [2i,[33,|3l|,[33. 

The study of the hadron properties in nuclear medium 
is largely related to the fate of chiral symmetry in fi- 
nite density. It is expected that partial restoration of 
chiral symmetry in nuclear medium takes place as re- 
duction of the quark condensates [H, HI] and provides 
effective change of the hadron properties. For the con- 
text of the study of the 77 meson in nuclear medium, the 
A^*(1535) resonance, which can be a candidate of the 
chiral partner of the nucleon becoming degenerate in the 
chiral restoration limit [s^ [s^, [s^l , plays an important 
role in the 77-mesic nuclei due to the strong coupling of 
the 77-nucleon system to the iV*(1535) resonance. In our 
previous works [1, [13, Ell , it was found that the 77 optical 
potential in nuclei is strongly sensitive to the in-medium 
mass gap of N and A^*(1535) and that, as a consequence, 
the formation spectra of the 77-mesic nuclei is also sensi- 
tive to the in-medium properties of the TV* (1535). 

The sensitivity of the 7y-nucleus optical potential to 
the N-N* mass gap stems from possible level crossing 
between N*-hole and 77 modes in nuclear medium as sug- 
gested in Ref. [13] ■ The level difference between the A'"*- 
hole and 77 modes without medium effects is only 50 MeV, 
which is 10% of the N-N* mass gap and small enough in 
energy scale of hadronic interactions. We found that the 
level crossing caused by the reduction of the mass gap 
provides deep 77 bound states and significant enhance- 
ment of the formation spectra of the 77-mesic nuclei in 
the quasi- free 77 production energies. This will be a clue 
to deduce the in-medium N* properties for the 7;-mesic 
nuclei. 

In this paper, we revisit the (tt, N) reaction with the 
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recoil free kinematics for the formation of ry-mesic nuclei 
in order to get clearer information on the level structure 
of the 77 and N*-hole modes and in-medium properties 
of TV* (1535) in the viewpoint of the chiral symmetry for 
baryons. We will find that the appropriate kinetic en- 
ergy of the injecting pion in this reaction can be attained 
by the Japan Proton Accelerator Research Complex (J- 
PARC) facility. We will also compare our calculation 
with the old experiments of the (tt"*" ,p) reaction with fi- 
nite momentum transfer [23j , in which the expected peak 
structures predicted in Ref. [ll| were not found. In this 
paper, we discuss more appropriate experimental condi- 
tions than the old experiments and also propose the co- 
incidence observation to reduce large background, which 
would be one of the reasons why the experiment [l^l 
could not see the expected peak structure. 

This paper is organized as follows. In Sec. HIl we dis- 
cuss the properties of the 77 spectral functions in the nu- 
clear matter. In Sec. lIIIi we introduce the 77-nucleus opti- 
cal potentials with a finite size nucleus and discuss their 
features. The formation spectra of 77-mesic nuclei will be 
shown in Sec. lIVi and the physical meaning of the forma- 
tion spectra will be discussed. In Sec. |V]we will discuss 
the experimental feasibilities, and finally, we will devote 
Sec. |VT]to summary of this paper. 



II. 



LEVEL CROSSING OF THE 77 MESON AND 
iV*-HOLE MODES 



In this section, we briefly review the interesting fea- 
ture of the T] meson in nuclear medium pointed out in 
Ref. ^20j. Reduction of the mass gap between N and N* 
causes level crossing of the 77 and N*-hole modes, and 
consequently the 77 spectral function in nuclear medium 
has significant properties. 

The in-medium rj propagator is given by, 

Djj{uj, fc; = cj^ - A;^ - - n^(cj, k; p), (1) 

where lo and k denote the energy and momentum of the 
77 meson, tti^ is its mass, and 11,, denotes the 77 self-energy 
in the nuclear medium. Because of the strong coupling 
of the rjN system to the TV* (1535) resonance, the 77 self- 
energy n,, can be evaluated by the N* dominance. Con- 
sidering one Af*-nucleon-hole excitation, we obtain the 77 
self-energy in small 77 momentum [23| as 



n,,(w, fc;p) 



9lp 



uj + m*^{p) - m*^, (p) + iTn' (w, p)/2 



+ (cross term). 



(2) 



Here, 5,, is the coupling constant of the s-wave rjNN* 
vertex and can be determined to g^j ~ 2.0 to reproduce 
the in- vacuum partial width rjv*^r;Ar — 75 MeV [111 at 
tree level. rn*^{p) and m*^,{p) are effective masses of N 
and N* in the nuclear medium with density p, respec- 
tively. 




FIG. 1: Contour maps of the 77 meson spectral density in 
nuclear matter in Eq. (|3]) as functions of the baryon density 
and energy assuming (a) the A'^ and TV* masses not to change 
in medium and (b) 20% mass gap reduction of TV and TV* at 
normal nuclear density po- In this figure, the TV* width in 
medium is fixed to be constant Tm* =75 MeV for simplisity. 
The dotted lines indicate the real parts of the solutions of 
D^{Lj,k^ 0;p)"^ = in Eq. 



The 77 propagator ([T]) with the self-energy ^ has two 
poles with a positive real part in the complex energy 
plane in each density. These poles describe the 77 meson 
and N*-hole modes in nuclear medium [H, [H, Ho]. Cor- 
responding to these poles, the 77 spectral density Sj^ given 
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FIG. 2: Spectral functions of the 77 meson as functions of the 
77 energy at p/po = 0.8 (indicated by the vertical dashed lines 
in Fig. [1} (a) without mass shift and (b) with 20% mass gap 
reduction of TV* and TV at normal nuclear density. 
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by 



Sniuj,p) 



-—hii(Djj{Lu, k 



0;p)) 



(3) 



has two peaks in a function of real energy at a certain 
density. 

We show the contour maps of the 77 spectral density 
as functions of baryon density and rj energy in Fig. [U 
where the real parts of the pole positions are indicated 
by dotted lines. Figure [Ha) shows the strength of two 
branches in the case that the effective masses of N and 
N* do not change in medium. In this case, two branches 
slightly come away from each other for higher p as a 
result of level repulsion, and the strength of the lower 
mode is always larger than the upper mode as also shown 
explicitly in Fig. [Ifa). The similar behavior of the i] 
spectral function based on the chiral unitary approach 
were also reported in Refs. [IB, [3, where the reduction 
of the mass gap between N and N* is very small. In 
contrast, in the case that the mass gap becomes smaller 
in nuclear medium, the behavior of the rj spectral density 
significantly changes. Suppose that the mass gap of N 
and N* linearly decreases by 20% at po, the level crossing 
between two branches takes place around p ~ 0.4po as 
shown in Fig. \V[h). As a consequence, the strength of 
the upper mode becomes stronger due to the level mixing, 
and the lower mode shifts downwards considerably as the 
density increases. 

A possible source of the mass gap reduction is the par- 
tial restoration of chiral symmetry in nuclear medium. 
If A^*(1535) is a chiral partner of nucleon, the N and 
TV* mass difference should decrease as chiral symmetry 
is being restored. For the later discussion, we use the fol- 
lowing parameterization of the mass gap reduction based 
on the chiral doublet model [H, [s^l : 

m^. (p) - m*ff{p) = ( 1 - C— ) (mAT- - mjv), (4) 

where tojv and m^v* are the N and N* masses in free 
space, respectively. Here the parameter C represents the 
strength of the chiral restoration at the normal nucleon 
saturation density po, and its empirical value lies from 
0.1 to 0.3 [ii]. Figures IHb) andE^b) correspond to the 
case with C = 0.2 [40| in the chiral doublet model. 

These characteristic phenomena caused by the level 
crossing can be a signal of the reduction of the N and N* 
mass gap, which supports the partial restoration of the 
chiral symmetry in nuclear medium. In next section, we 
introduce the ry-nucleus optical potentials for the study 
in finite size systems. 



III. r?-NUCLEUS OPTICAL POTENTIALS 

As discussed in the previous section, with the suffi- 
cient reduction of the N-N* mass gap, the level crossing 
between the 77 and N*-hole modes takes place at cer- 
tain density in nuclear medium. As a consequence of the 



level crossing, the in-medium r] self-energy has strong 
energy dependence. In addition, the mass gap reduction 
as density increases gives also strong density dependence 
on the 77 self-energy as pointed out in Rcf. [9]. In this 
section we see that the 77 optical potential in nuclei also 
has these features, and we briefly explain the models for 
the in-medium N* which we use in the calculation of the 
formation spectra of the 77-mesic nuclei. The details are 
described in Refs. [1, 0, [S, [l^. 

For the in- medium properties of N*, we use two kinds 
of the chiral models, which are based on distinct physical 
pictures of N*. One is the chiral doublet model [s^, [36|, 
|37| , in which TV* is regarded as the chiral partner of the 
nucleon. The other is the chiral unitary model, in which 
N* is dynamically generated resonance in the coupled 
channel meson-baryon scattering (igI . [17| . 

In the first approach, the N* is introduced as a particle 
with a large width and appears in an effective Lagrangian 
together with the nucleon field in linear realization of 
chiral symmetry. The 77-nucleus optical potential can be 
obtained from the 77 self-energy 



9l 



_ n„(c^,/c = 0;p(r)) 



2/x 



p{r) 



2puj + m%{p{r)) - (p(r)) + iTn- (w, p{r))/2 

+ (cross term). (5) 

Here we use the local density approximation and heavy 
baryon limit [l3], and the density-dependent mass dif- 
ference 771^ — 771^, are given in Eq. We can ignore 
the momentum k of the 77 meson because we consider 
almost recoilless production of the rj meson in the follow- 
ing sections. We use an empirical density distribution of 
nucleons in Woods-Saxon form: 



p(r) 



Po 



l + cxp(i^) 



(6) 



with R = 1.18^1/3 - 0.48 fm, a = 0.5 fm and the nuclear 
mass number A. 

The optical potential ([5]) is sensitive to the mass dif- 
ference of TV and TV* in nuclei. Especially, the sign of 
the real part of the 77 optical potential changes when the 
mass gap of TV* and TV becomes smaller than the 77 energy 
u! [l3, [3 • This means that the attractive 77-nucleus 
interaction at low densities can turn to be repulsive de- 
pending on the values of the mass gap and the 77 energy. 
This feature can be seen in Fig. [Hfa), where we plot the 
77-nucleus optical potentials as functions of radial coor- 
dinate r at 7; energies. For instance, at the 77 threshold 
Lu — rriri, the optical potential has a repulsive core in- 
side the nucleus and an attractive pocket on the surface. 
Furthermore, this mass reduction yields also the strong 
energy dependence of the 77-nucleus optical potential as 
shown in Fig.[3l^a). At w ~ 777^ — 100 MeV, the real part 
of the optical potential is about 140 MeV attractive while 
that of the 77 threshold ui ~ rriri is 55 MeV repulsive at 
r = 0. 
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(a) Chiral doublet model (C=0.2) 




FIG. 3: The r;-nucleus optical potentials with (a) the chiral doublet model (C = 0.2) and (b) the chiral unitary model as 
functions of the radial coordinate r for rj energies to — rrin = —100, —70, —50, —20, 0, +20, +40, +60 MeV. Left and right 
figures show the real and imaginary parts of the optical potentials V,,, respectively. 



In order to discuss the experimental feasibilities of 
mesic-nuclei formations, it is very important to estimate 
the imaginary parts of the optical potentials. As for the 
N* width in the medium which is the source of the imag- 
inary potentials in the present model, we consider the 
two dominant decay channels of N* as N* Ntt and 
NN* NNtt The detailed evaluation is given 

in Ref. [2^. 

In the chiral doublet model, there are two possible 
models concerning the assignment of the axial charge: 
the naive and mirror assignments [3^ , [37j . In this pa- 
per, we show only the results with the naive assignment 
of the chiral doublet model. The difference between two 
assignments in this study appears only in the estimation 
of the N* width in nuclear medium, because the repre- 
sentation of the mass gap m'^(p) — m'^t^p) is same in 
the both assignments. We have already checked the cal- 
culated spectra with the mirror assi gnm ent are almost 
same as that of the naive assignment (lOl [isj . 

In the second approach to description of N* , which is 
the chiral unitary model, the optical potential has quite 
different features from the previous case. In this model, it 
was found that N* has a dominant component of the KYi 
channel 41, 42, 43]. Since the S hyperon is free from the 
Pauli blocking in the nuclear medium, only tiny change 
of the mass gap is expected in the nuclear medium [15|, 
[T6j . Therefore, the t] optical potential is attractive in 
the bound energy region, u < m^, as shown in Fig. [SJb), 
and has weaker energy dependence compared with that 



of the chiral doublet model. We evaluate the r/ optical 
potential in the chiral unitary model using the rj self- 
energy obtained in Ref. p^ . The binding energies and 
widths of the rj bound states obtained with the chiral 
unitary model are reported in Ref. [l7'|. 

In recent works 0|, it was pointed out that the 
iV* (1535) obtained in the chiral unitary model could have 
some components other than the state generated dynam- 
ically by meson-baryon scattering, such as genuine quark 
states, and that these components could be sources of the 
chiral partner of the A^*(1535). The would-be quark com- 
ponents are implemented in the subtraction constants, 
which are model parameters in the chiral unitary ap- 
proach. In the present model for A'^*(1535) in nuclear 
medium, the subtraction constants were assumed to be 
fixed. This means that the genuine quark components 
are independent on medium modifications in this model. 
This could be the origin of the different predictions on 
the in- medium N*(1535) mass. 



IV. (tt, n) reaction for the formation 

OF THE r;-NUCLEUS SYSTEM 

A. Formulation 

In the beginning of this section, we give the formulation 
to calculate the formation spectra of the ?7-mesic nuclei 
by (7r"'",p) reaction. We use the same formulation used 
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in Ref. [T^l, in which the (7,p) reaction was discussed for 
the 77-mesic nuclei. 

To evaluate the formation cross section, we use the 
Green's function method In this method, the re- 

action cross section is assumed to be separated into the 
nuclear response function R{E) and the elementary cross 
section of the 7r+n — > prj process with the impulse ap- 
proximation: 



\dndEj^, 



(ir+,p)(A-l)®r; 



da 

dn 



lab 



xRiE), (7) 



n(7r+ /p)rj 



where the nuclear response function R{E) is given in 
terms of the in-medium Green's function G{E) as 



R{E)=--lmJ2r}G{E)Tf 



(8) 



/ 



where the summation is taken inclusively over all possible 
final states. The amplitude Tf describes the transition of 
the incident tt to a neutron hole and the outgoing proton: 



Tf{v) = x;ir)C, 



Yilif) (g> ibjM .. xAr) (9) 



JM 



with the neutron hole wavefunction ^pj^ , the distorted 
waves of tt and the ejected proton Xtt ^^nd Xp, the 77 
angular wavefunction Yi (f) and the spin wavefunction 
Ci/2,ms of the ejected proton. For the neutron hole, we 
use the harmonic oscillator wavefunction. The Green's 
function G{E) contains the ry-nucleus optical potential in 
the Hamiltonian as 



G{E-v,v') 



1 



E — H„ 



(10) 



where jg the ij creation operator and \n^^) is the neu- 
tron hole state. 

As for the evaluation of the distortion effect of the 
(7r+,p) reaction, we use the eikonal approximation for 
the description of the distorted waves of the incoming 
pion Xv and of the outgoing proton Xp as. 



Xp(i")x^(r) = exp [iq ■ r] F{r) 



(11) 



with the momentum transfer between pion and proton 
q = — Pp. The distortion factor F{r) is defined as in 
Eqs. (17) and (18) in Ref. [18|, usi ng p ion-nucleon and 
proton-nucleon total cross sections [3a] to take into ac- 
count the distortion effects to projectile(pion) and ejec- 
tile (proton). 

The calculation of the formation spectra is done sep- 
arately in subcomponents of the ?7-mesic nuclei label by 
{n£j)~^ (g) iri, which means a configuration of a neutron- 
hole in the £ orbit with the total spin j and the principle 
quantum number n in the daughter nucleus and an 77 
meson in the £ri orbit. The total formation spectra are 
obtained by summing up the subcomponents, in which 
we take account of the separation energies to make the 
neutron holes by shifting the energy relatively. 



B. Incident pion energy and elementary cross 
section 



We choose the incident pion energies so as to satisfy 
the recoil free kinematics for the 77 meson production in 
nuclei. In this kinematics, rj mesons can be created al- 
most at rest in nuclei. The good advantage is that the 
formation spectra have less subcomponents due to the 
angular momentum selection rule for the rj and neutron 
hole states [13, [3, [13] , which makes the interpreta- 
tion of the spectra much easier. 

In Fig. |4l we plot the momentum transfer of the 
A(7r+,p)(A— 1)^ reaction for the 7/ energies w = tm^ — 
50 MeV with the proton angle being and 15 degrees as 
functions of the incident pion momentum and pion ki- 
netic energy. In the calculation of the momentum trans- 
fer, we take heavy mass limit for the initial and final nu- 
clei. As Fig. 0] shows, depending on the i] binding energy. 
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FIG. 4 

and m- 

Pvt. dp denotes the emitted proton angle in the laboratory 
frame. The corresponding scale of the pion kinetic energy 
is also shown. 

this reaction with 9p = has the magic momenta for the 
incident pion where the recoilless condition is satisfied. 
In this paper, we set the incident pion kinetic energies to 
be = 820 MeV and = 650 MeV to satisfy the re- 
coilless condition at 77 threshold and uj^i — niri — 50 MeV, 
respectively. We stress here that these energies of the 
pion beam will be available at J-PARC facility ^l| . 

We estimate the elementary cross section (^)^(^+ 

using the experimental data of 7r~p — > nrj measured by 
Crystal Ball collaboration [4^ . We make use of isospin 



symmetry to obtain the cross section of tt"' 



pr] from 



that of the Crystal Ball data. We calculate the 77-mesic 
nucleus formation spectra with the incident pion energies 
of = 650, 820 MeV in the laboratory frame. For these 
energies, we use the following values of the elementary 



cross section of 



= 2.4 mb/sr 



lab 
(7r+,p)?7 

0.64 mb/sr for 

820 MeV. The former value is read from the existent 



dn> 

lab 



for = 650 MeV and (JS)„(.+ p), 
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experimental data, whereas the latter is taken from the 
partial- wave analysis (PAW) labeled by 1375 [i^ , which 
is almost equivalent to the PAW FA02 [47l |. 



C. Numerical results of the inclusive (tTjN) spectra 



In Fig. 5(1) we show the ^^C(7r+,p)^^C(8)7y cross sec- 
tions for the formation of the system in the chiral 
doublet model with C — 0.2 (upper panel in Fig 
and the chiral unitary model (lower panel in Fig. 



The incident pion kinetic energy T^r is 820 MeV corre- 
sponding to the recoilless at the 77 threshold. The hori- 
zontal axis indicates the excitation energy £^ox measured 
by the 77 production threshold Eq. In the figure, we 
show the total spectra in solid line and the contributions 
from several subcomponents in dashed lines, separately. 
For the spectra of the subcomponents with the (Osi/2)^^ 
neutron-hole state, which is an excited state of the daugh- 
ter nucleus, the separation energy 18 MeV is taken into 
account. Thus the rj meson production threshold appears 
at — Eq — 18 MeV as indicated in Fig. [5] by the ver- 
tical dotted line. The Fig. 5(1) shows that the spectra 
are dominated by two contributions, (0si/2)n^ '9 s?? and 
(0P3/2)n^ ^ since the final states with the total spin 
J ~ are largely enhanced under the recoilless kinemat- 
ics. 

Let us see the spectra around the threshold; —50 MeV 
< Ecx ~ Eq < 50 MeV. The spectra in this energy re- 
gion were already shown in the case of the (d,'^He) and 
(7,p) reactions in Refs. [S, ilfl, JLS] ■ The present work con- 
firms that the spectrum shape are very similar with the 
previous calculations, showing that the structure of the 
formation spectra is not sensitive to the reaction mecha- 
nism. As already discussed in detail in Refs. [ol. ITollTsl. 
the spectra obtained also in the (7r+,p) reaction around 
the r/ production threshold show that the repulsive na- 
ture of the optical potential in the chiral doublet model 
shifts the spectra into the higher energy region, whereas 
the spectra obtained in the chiral unitary model is shifted 
into the lower energy region as a result of its attractive 
potential. 

Even with the distortion effects to the incident pion, 
we find that the difference of expected spectra in the 
(7r+,p) reaction between two approaches for N* seems to 
be visible as the case with the (7,p) reaction where the 
incident 7 has no distortion effects. 

In the case with the chiral doublet model, we can see 
the cusp structure in the (0si/2)^^®s,, subcomponent at 
Ecx — Eq — 18 MeV corresponding to the ry threshold for 
(Osi/2)^^ hole states. This is so-called s-wave resonance 
which is found in the case with weak attraction. In this 
case with the chiral doublet model, the surface attractive 
pocket in the optical potential at the threshold plays the 
role of the weak attraction. In other words, we might 
be able to know the evidence of the curious shape of the 
optical potential in the doublet model from the spectral 
broadening into the higher energy region (associated with 



the repulsion) together with the cusp structure at the 
threshold (associated with the weak attraction), if we 
could observe it. However, we should mention here that 
the s-hole state, corresponding to the excited state of the 
daughter nucleus, has natural width which is not taken 
into account in the present calculations. By considering 
the width of the s-hole state, the cusp structure could be 
smeared out from the spectrum. 

Next, let us discuss the bound state structures. As 
reported in Refs. [l^, [l^, in chiral unitary model, 
we can see the bound state peak in the subcompo- 
nent (0si/2)~^ (8) Sn around E^x ~ Eq 10 - 15 MeV 
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-5 MeV) as indicated in the lower 



panel of Fig. |5(1)[ The existence of the bound state in 
the unitary model is predicted in Ref. [l3| • As seen in the 
figure, however, it is impossible to observe the signals of 
the bound state, because there is large contribution from 
the {0p2/3)n^ (^Pri Subcomponent in the same energy and 
it masks the bound state peak in the (Osi/2)^"'^ (^Sj; com- 
ponent. 

For the bound states in the case of the chiral doublet 
model, as reported in Ref. ]2^, there are some bound 
states obtained as solutions in the complex energy plane 
of the Klein-Gordon equation with the optical poten- 
tial ([5]) in the chiral doublet model with C = 0.2^. 
For 77 with = 0, the bound states were found with 
the eigenenergies (B.E., r]=(91.3, 26.3) MeV for Qs and 
(75.1, 33.0) MeV for Is (2^. In Fig. [i|we can see that 
the Os bound state appears in the spectrum as a bump 

around E^x - Eq ^ -70 80 MeV. These deep bound 

states correspond to the lower mode mentioned in Sec. |TT] 
in the chiral doublet model (C — 0.2). However, the 
strength of the bump in the spectrum is too small to be 
observed in experiments. The rj bound states with £,1 — 1 
were also obtained at (79.3, 31.1) MeV for Op and (72.1, 
34.2) MeV for l-p. The corresponding peak structure to 
the Oj) bound state is not seen in the spectrum again due 
to the small strength. In the recoilless kinematics, the Is 
and Ip bound states should give much less contributions 
in the spectrum, since there are no Is- and Ip-hole states 
in the daughter nucleus for the carbon target case. 

Much more prominent structure is seen in the quasi- 
free region E^x — Eq > in the case of the chiral doublet 
model. As also discussed in detail in Ref. [13], we see 
considerably large bump structure around Ecx — Eq ^ 60 
MeV as shown in Fig. 5(l)| ^upper panel). This peak 
comes from the N*-hole mode coupled to the rj meson in 
the medium, namely the upper mode shown in Fig.[T]^b). 
As discussed in Sec. [Hi the upper mode in the chiral 
doublet model is enhanced as a consequence of the level 
crossing associated with the reduction of the N-N* mass 
gap in nuclear matter stemming from the partial restora- 



^ In Ref. , we did not search bound states with the chiral doublet 
potential C = 0.2 in energies u! — rrin < —50 MeV, because such 
deep energies were out of scope of investigation in Ref. . 
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FIG. 5: Calculated spectra of ^^C(7r+,p)"C(g)?7 reaction at (1) T„ = 820 MeV and (2) T„ = 650 MeV and the proton angle 
9p — 0° as functions of the excited energy i?ex- Eo is the rj production threshold. The 77-nucleus interaction is calculated by 
using the chiral doublet model with C — 0.2 (upper panels) and the chiral unitary model (lower panels). The thick solid lines 
show the total spectra and dashed lines represent dominant subcomponents as indicated in the figures. The neutron-hole states 
are indicated as {n£j)^^ and the ri states as £r,. Solid arrow indicates the peak corresponding to the bound state in each model. 



tion of the chiral symmetry. On the other hand, in the 
case of the chiral unitary approach, we see smooth slope 
in the quasi-free region. Hence, the enhancement in the 
quasi-free region could be a signal for the reduction of 
the N-N* mass gap in nuclear medium, which supports 
the scenario of partial restoration of chiral symmetry in 
nuclear medium. 

Finally, we mention the incident pion energy depen- 
dence of the spectra. In Fig. 5(2) we show the spectra 
with — 650 MeV corresponding to the recoilless at 
ujji — rrirj '--^ — 50 MeV. By setting the recoilless condi- 
tion here, we have expected some enhancement of the 
deep bound state in the chiral doublet model. However, 
although small enhancement of the bound state can be 
seen, its effect is not large enough to make this bump 
clearly observed. 

In = 650 MeV case, we find that the magnitude 
of the cross section is four times larger than that of 
= 820 MeV, because of the larger elementary cross 
section. We also find that, due to the relatively large 
momentum transfer (- 100 MeV/c) at = 650 MeV, 



many subcomponents give finite contributions at quasi- 
free region, while in the T^r = 820 MeV case only two 
subcomponent (0^3/2)^^ Pri and (Osi/2)^^ 
most all energy region shown there. 



at al- 



D. Spectra for tvN coincident observation 

In inclusive measurements, it may be hard to sepa- 
rate signals out of large backgrounds. It was argued 
for the previous (7r+ experiments in finite momentum 
transfer in Refs. [ll|, [23] that possible backgrounds could 
come from quasi-free knockout, multiple pion and proton 
scattering, and pion absorption and that the signal-noise 
ratio was estimated to be 1/10. It would be also ex- 
pected in the present setup for the (7r"*",p) reaction that 
the background can be as large as the previous experi- 
ment. To subtract such large background, it is useful to 
take some coincidence measurements accompanying the 
r] meson production in nuclei, for example simultaneous 
observation of Nt: pair coming from N* decay in a nu- 
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FIG. 6: Decomposition of the full spectra into the conversion 
parts and the escape part which are defined in the text. The 
reaction and energy are ^^C(7r+,p)'^^C®77 and — 650 MeV 
in (a) with the chiral doublet model and (b) the chiral unitary 
model. The full spectra are shown by the thick solid line and 
the conversion parts, which includes both of decay channels 
of iV* Ntt and N*N NNtt, is shown by the thin solid 
line. The dashed line denotes the spectrum including only the 
A^* —f Nn conversion part, and the dot-dashed line denotes 
the escape part. 



cleus [28|,|32|. 

In the Green's function method [i^, one can separately 
calculate each contribution to the spectrum coming from 
the different r? absorption process. Along to the formal- 
ism in Ref. [45|, we rewrite equivalently the imaginary 
part of the Green's function of rj as 



ImG = (1 + GW^)ImGoil + Vr^G) 



GHmV,^G 



(12) 



where G and Go denote the full and free Green's functions 
for rj and Vrf is the rj optical potential. The first term of 
the right-hand-side of Eq. represents the contribu- 
tions from the escape of r/ from daughter nuclei and the 
second term describes the conversion process caused by 
the r] absorption into the nuclei. Thus, calculating only 
the conversion part, we can show spectra associated with 
decays (or absorptions) of r] mesons in nuclei, which can 
be obtained by observing emitted particles. 

In the chiral doublet model, we take into account two 
decay channels of N* in nuclear medium as mentioned 
in SecHm N* Nn and N*N NNn. These contri- 



butions are expressed in the conversion part. Therefore, 
we can separate the spectra further into two terms by 
describing the conversion part as 



ImV,, = lmV^{N* 



Ntt) + lmVr,{N*N -> NNn). (13) 



As shown in Fig. EJa), we decompose the total spec- 
tra shown in Fig. |5(l)[ upper panel) into three parts; the 
contribution from the 77-escape process, the conversion 
part of the N* Ntt and that of iV*iV NNtt pro- 
cesses. The expected spectra with the coincidence of the 
Ntt pair from N* is indicated by the dotted line in the 
figure. The thin solid line in Fig. [S]Ja) includes both of 
the one-body and two-body absorption of N* in the chi- 
ral doublet model. It is found that the N*N ^ NNtt 
contribution is much smaller than that of N* ttN. We 
also find that, in the doublet model case, the strength of 
the peak structure in the quasi-free region correspond- 
ing to the N*-hole mode is reduced to be about half by 
taking the coincidence of A^tt pair from TV*. 

In Fig. [H^b), we plot the same figure for the chiral 
unitary model as Fig.lHJa). We only show the total con- 
version part, since decomposition of the rj self-energy into 
different absorption processes was not done in the chiral 
unitary model. We expect that the difference between 
two approaches with and without the A"* mass reduction 
is still large even we take the coincidence of the A^* decay. 
In these estimation we do not take into account any final 
state interaction for emitted particles from A^* decay in 
a nucleus. These contributions could be important for 
further qualitative discussions. 

For the background estimation in experiments, it 
would be useful to observe the (tt^ ,p) process in the same 
setup as the (7r+,p). In the (7r~,p) process 77 mesons can- 
not be created due to isospin symmetry, and it is ex- 
pected that the formation spectra have no structure at 
the 77 meson threshold. This means that all the contri- 
butions are regarded as "background" . 



V. ADDITIONAL DISCUSSIONS ON 
EXPERIMENTAL FEASIBILITY 

A. Comparison with tlie (7r^,p) reaction measured 
at Brookhaven 

The (7r+,p) reaction experiment for the formation 
of the Ty-mesic nuclei has been already performed at 
Brookhaven in 1988 [1^. The experiment have been done 
at a finite proton angle 0p = 15° in the laboratory frame, 
based on the theoretical suggestion [llj to observe nar- 
row peaks. The recoilless condition cannot be satisfied 
for finite angle proton emissions. In the case of Op = 15°, 
the momentum transfer is larger than 200 MeV/c in any 
incident pion momentum as shown in Fig. [31 Therefore, 
the expected spectra will be completely different from 
that of the forward angle. 

We calculate the (tt^ ,p) spectra with the proton angle 
Op = 15° and the incident pion energy = 673 MeV 
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FIG. 7: Comparison of the calculated total spectra with the 
signal part of the experimental data on the carbon target case 
reported in Ref. after the background subtraction shown 
in the same reference. The solid line indicates the total spec- 
trum with the chiral doublet model (C = 0.2) and the dashed 
line is that of the chiral unitary model, calculated at the same 
condition with the data. In the theoretical calculations, the 
angular momentum of rj is taken into account up to £n = 6. 



{Ptt — 800 MeV/c) in the same theoretical procedure as 
in the previous section, in order to compare the theo- 
retical calculations with the experimental data obtained 
at Brookhaven. The comparison for the carbon target 
case is shown in Fig. [71 The data are taken from the 
second figure of Fig. 1 in Ref. [1^ after subtraction of 
background estimated in the paper. They showed an ex- 
perimental error bar only for one experimental point. We 
assume that the single error bar is a typical error for all 
the point and put the same error bar to all the point. We 
find in Fig. [7] that both models provide the consistent re- 
sults with the experimental data. This means that the 
experiment with the finite proton angle in Re f. 1231 i s not 
sensitive to the in- medium properties of N* [l^, • 

We show the details of the results calculated theoreti- 
cally with finite proton angle in Fig. [S] We calculate the 
spectra by taking into account the i] angular momenta 
up to — 6. In the case of the finite proton angle, 
in contrast to the forward proton, many subcomponents 
have substantial contributions to the total spectra, es- 
pecially higher angular momentum components > 1, 
because the strong suppression for J 7^ configuration is 
not made any more. This makes it difficult to interpret 
the spectrum structure in terms of the properties of the 
r] and N* in nuclear medium. 

In the spectrum calculated with the chiral unitary 
model, the lower panel of Fig. [8l two prominent peaks 
are seen around Eex — Eq = —10 MeV in the subcom- 
ponents (Osi/2)^^ (8) s,j and (0^3/2)^^ ® Sjj"^. These are 



bound state signatures of the rj meson with 



in 



nuclei. In particular, it is interesting that the peak of 




> 

<a 



(b) Chiral unitary model 



(0p3/2): ®(f,>i) 




(0p3/2)„ <S)S, 



^ In the forward proton case, this subcomponent (0p3/2)r^ 
strongly suppressed in the recoilless kinematics. 



-100 -50 50 100 150 
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FIG. 8: Calculated spectra of ^^C(7r+,p)^^C®»; reaction at 
= 673 MeV (p^ = 800 MeV/c) and the proton angle 
Op — 15° as functions of the excited energy Ecx- Eq is the 
77 production threshold. The »7-nucleus interaction is calcu- 
lated by (a) the chiral doublet model with C = 0.2 and (b) 
the chiral unitary model. The thick solid lines show the total 
spectra and each dashed line represents the dominant subcom- 
ponent as indicated in the figures. The neutron-hole states are 
indicated as {n£j)~^ and the 77 states as £n- The angular mo- 
mentum of ri is taken into account up to Ir, = 6. Solid arrows 
indicate the peaks corresponding to the bound states. 



(0?'3/2)n^ *)) appears in bound region, where contam- 
ination from the quasi-free rj contributions could be ex- 
pected to be small. In fact, this observation was the 
original idea by Haider and Liu for the advantage of the 
finite proton angle experiment. As seen in the figure, 
however, this bound state peak is masked by the tail of 
the quasi-free contribution of {Qp3/2)n^ ^ (^ij > 1) caused 
by virtual 77 absorption in the large imaginary potential. 
Thus, even if the chiral unitary model prediction of the 
bound state is correct, the bound state signal cannot be 
observed separately from the quasi-free contribution in 
the total spectrum. The same situation might have oc- 
curred in the Brookhaven experiment [23l |. Therefore, 
the attempt to separate a shallow bound state from the 
quasi- free contribution by setting 9p = 15° seems not to 
work when the imaginary potential is large. 

By all considerations mentioned above, we think that 
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FIG. 9: Calculated spectra of ^Li(7r~,n)®He®?7 reaction at 
T-n — 650 MeV and the proton angle 9p — 0° as functions of 
the excited energy _Ecx- Eo is the rj production threshold. The 
jy-nucleus interaction is calculated by (a) the chiral doublet 
model with C = 0.2 and (b) the chiral unitary model. The 
thick solid lines show the total spectra and each dashed line 
represents the dominant subcomponent as indicated in the 
figures. Here, the proton-hole states are indicated as {n£j)~^ 
and the r] states as £■,,. 



it is better to set the final proton angle to be zero degree 
where the difference reflecting the distinct in-medium N* 
properties expected to be larger. The energy range mea- 
sured by the experiment [23] did not cover whole ener- 
gies of the emitted proton where the interesting features, 
like the deep bound state and the bump structure in the 
quasi-free region caused by possible level crossing phe- 
nomena, take place. 



B. (tt ,n) reaction with the ^Li target 

Here we show the formation spectra of the ?7-mesic 
nuclei in the (7r^,n) reaction with the ^Li target. As 



shown in Figs. 5(1) and 5(2) for the carbon target, the 



total spectra were dominated by the p-wave components 
(Op2/3)n^ ^Pv since the target nucleus ^^C has four neu- 
trons in p-state while two in s-state. Then, the s-wavc 
components are relatively small, which contain the in- 
teresting structure such as the bound states and/or the 
threshold cusp. 



In Fig. [9l we show the spectra of ^Li(7r~,n) reac- 
tion with the elementary process Tr^p —^ nrj (one proton 
picked- up). We see that the s-wave component now dom- 
inates the spectrum for each case (a) and (b), since ^Li 
has a single proton in p-state. We can find a deep bound 
state peak in state around Ecx — Eq ^ —60 MeV in the 
chiral doublet model also in ^Li target case while in the 
chiral unitary case we can see only the threshold peak 
structure. We consider that the experimental data with 
"^hi target would be useful and be a complement to that 

of 12c. 



C. Consideration of finite experimental resolution 

We also estimate the effect of the finite experimental 
energy resolution on the spectra. For this purpose, we 
fold the calculated spectra with T^r = 650 MeV, which is 
shown in Fig. |5(2)[ as 



J f(E')g{E-E')dE', 



(14) 



where f{E') represents the calculated spectra, and g{E) 
expresses the effect of the finite energy resolution and is 
given in a gaussian form as 



1 



giE -E') = ^ exp 



E - E' 



(15) 



with a = rox/2\/ln 2. The experimental resolution 
(FWHM) is denoted by Fex. In Fig. [TUl we show the 
calculated result with several energy resolutions. We can 
observe the difference of two approaches with r^x ^ 20 
MeV, which are expected to be reached at J-PARC facil- 

ity [aH. 



VI. CONCLUSION 

We calculated the 77-mesic nuclei formation spectra of 
(tt, TV) reactions with nuclear targets to discuss the ex- 
perimental feasibility in forthcoming experiments. Em- 
phasizing in-medium properties of the TV* (1535) baryon 
resonance in the context of chiral symmetry, we discussed 
the structure of the 77-mesic nuclei formation spectra. Es- 
pecially, the reduction of N-N* mass gap in the nuclear 
medium were investigated by two chiral models. In the 
chiral doublet model, iV*(1535) is regarded as a chiral 
partner of nucleon and the mass gap is expected to be 
reduced in association with the partial restoration of the 
chiral symmetry in nuclear medium ^ . In the chiral uni- 
tary approach, Af*(1535) is introduced as a resonance dy- 
namically generated and described as a quasi-bound state 
of the Kaon and Hyperon, and reduction of the mass gap 
is expected to be small in nuclear matter [l^, [l^ . 

We showed the formation spectra of 77-mesic nuclei by 
(tt, iV) reactions. We confirmed that the magnitude of 
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the cross section is large enough to be observed in ex- Acknowledgement 
periments. We found that the (tt, A^) reactions were also 
appropriate to observe the interesting behaviors like deep 
bound states and the bump structure at the quasi-free 
region which can be understood by the concept of the 
level crossing phenomena caused by the partial restora- 
tion of the chiral symmetry We conclude that we 
can get new information on the in-medium N* proper- 
ties through the formation of the r/-mesic nuclei by (tt, N) 
reactions. 

We also discussed expected background and ways of its 
reduction by the simultaneous observation of Nn pairs 
from the N* decay in medium. We found that the dif- 
ference between two treatments of in-medium TV* with 
and without the reduction of the N-N* mass gap are not 
largely affected by the coincidence observation and there 
is some chance to make the observation clearer. 

We believe that the present theoretical results are im- 
portant to stimulate both theoretical and, especially, ex- 
perimental activities to study the hadron properties in- 
medium and to obtain new information on the partial 
restoration of the chiral symmetry in nuclear medium. 
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FIG. 10: Convolutions of the spectra of ^^C(7r+,p)"C®77 re- 
action at T-n = 650 MeV and the proton angle = 0°. The 
thik solid lines indicate the spectra without convolution, and 
other lines are spectra taken convolutions with finite experi- 
mental resolution Fox indicated in the figures. 
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